Protein microtubules are one of the most effective intracellular components. The microtubules structure is in a manner that their behaviour is similar to that of the orthotropic materials. Therefore, in this paper, size-dependent vibration of the anisotropic protein microtubule is studied. For this purpose, using a first shear deformable shell model and based on couple stress theory, new equations are developed for the dynamic behavior of anisotropic protein microtubule. After solving the governing equations of microtubule motion, the effects of cytoplasm environment, microtubule dimensions and its mechanical properties, and material length scale parameters on the natural frequency of microtubules are investigated.
INTRODUCTION
Protein microtubules (MTs) are cylindrical bio structures which exist inside the eukaryotic cells and in the neurons of nerve cells. Microtubules are effective in the majority of intracellular interactions. Thus, to understand and prognosticate their behaviour in the face of external excitation is important. Moreover, microtubules are studied in laboratory conditions as well. MTs are the strongest intercellular elements and provide the majority of cell stiffness. Structurally, MTs are made of a peripheral connection of long fibers called protofilaments. Protofilaments, in turn, are made of a consecutive linkage of fine particles named α and β tubulins. In fact, the building of MTs is similar to a cylinder to the wall of which the α and β tubulins are attached. Generally, microtubules are represented by N − S indices. N represents the number of protofilaments, which build microtubules and the higher this index, the longer the microtubule diameter. In addition, S indicates the start helix, which causes variability in tubulin arrangement in different microtubules. In fact, this index represents the angle between the protofilament axis and microtubule's central axis. Microtubules have been observed in the range of 10 nanometers to 100 microns, in terms of longitudinal dimension, and in the range of 15 to 30 nanometers, in terms of diameter. Besides, the equivalent thickness of MTs is measured as 2.7 nanometers. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Considering that in the eukaryotic cells microtubules are located inside the cytoplasm environment, the surrounding cytoplasm affects the MTs' behavior. To evaluate the cytoplasm effects on the MTs behavior, the cytoplasm is modelled as a Pasternak foundation. 11, 12 Considering the MT dimensions, the size effect parameter must be taken into account in MT analysis. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Couple stress theory is one of the higher order continuum theories capable of calculating small size effects. This theory was first presented by Mindlin and Tiersten. 30 Many researchers have used couple stress theory in their studies to analyse. 37 Using the modified strain gradient theory, Karimi and Tadi studied the effect of MT dimensions and environmental conditions on the natural frequency of MTs modelled as an EulerBernoulli beam. 38 The vibration of MTs based on the nonlocal Timoshenko beam model was investigated by Heireche, et al. 39 They studied the significance of the small-scale effects, shear effects, and rotary inertia on MTs vibrations. Tounsi, et al. studied the vibration and flexural rigidity of MTs using a parabolic beam model. 40 They showed that the results obtained from the parabolic shear deformation beam model had a good agreement with the experimental results. Shen presented a non-linear model for the vibration analysis of MTs based on nonlocal theory.
11 Tadi and Karimi analysed the vibration behavior of MTs using an isotropic shell model. 12 They showed that the scale parameter in the shell model had a stronger effect on the results compared to than in the beam model. Also, by considering the shear effects and the use of couple stress theory, Baninajarian and Tadi examined the vibration characteristics and flexural rigidity of MTs. 41 Reviews have demonstrated that the MTs properties in the longitudinal direction are much stronger than those in the other. [42] [43] [44] Thus, in order to conduct detailed MT analysis, it is better to use anisotropic models. Wang, et al. studied the vibration of orthotropic microtubules without considering the scale parameters, while, according to the MT dimensions, the material scale parameter should have been considered. 45 Recently, in order to analyse the wave propagation of MTs, Taj and Zhang presented the non-local orthotropic shell model. 46 Moreover, some researchers examined MTs free vibration, based on the molecular dynamics method. Examples of those studies include the work done by Xiang and
